Eg5/KSP is a homotetrameric, Kinesin-5 family member whose ability to cross-link microtubules has associated it with mitotic spindle assembly and dynamics for chromosome segregation. Transientstate kinetic methodologies have been used to dissect the mechanochemical cycle of a dimeric motor, Eg5-513, to better understand the cooperative interactions that modulate processive stepping. Microtubule association, ADP release, and ATP binding are all fast steps in the pathway.
Eg5 is member of the homotetrameric, Bim C/Kinesin-5 family. Members of this family function during mitosis and provide a plus-end directed force that has become associated with bipolar spindle assembly, spindle maintenance, and microtubule (MT) flux (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . The function of Eg5 in the mitotic spindle has been shown to be indispensable. Perturbation of its function prior to anaphase B by either antibody (1, 11) or small molecule inhibitors (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) causes collapse of the bipolar spindle into a monoaster and leads to apoptosis in cells with intact spindle checkpoint machinery (24, 25) . As a result Eg5 has garnered substantial interest as a potential chemotherapeutic target in cancer treatment.
Mechanistically, the ATPase cycle of monomeric Eg5 motor domains are fairly well understood both free in solution and bound to MTs (26) (27) (28) (29) (30) (31) (32) (33) . Off the MT, monomeric Eg5 demonstrates weak ATP binding and has a propensity to form a nonproductive Eg5•ATP complex (31) . However, on the MT, ATP binding is tight, substrate productively proceeds through ATP hydrolysis, and the rates of all the individual steps in the mechanochemical cycle are accelerated (30) . The MT-activated ATPase cycle concludes with a conformational change of the motor domain in relation to the MT, termed "rolling" (29) , followed by the rate-limiting event in the cycle, the coupled action of phosphate (P i ) release, and motor detachment from the MT (29, 30, 33) .
In vivo the individual Eg5 motor domains probably do not function independently, therefore analysis of a higher order oligomeric structure is necessitated.
Indeed, previous analysis of dimeric Eg5, Eg5-513, has indicated that two conjoined motor domains exhibit cooperativity in vitro (34, 35) . In comparison to a single Eg5 motor domain, the steady-state ATPase of Eg5-513 is reduced 10-fold suggesting the physical attachment of two motor domains causes a reciprocal modulation of each enzymatic cycle (34) . Also, a His 5 -tagged form of Eg5-513 has displayed processivity in single molecule studies (35) , strongly suggesting that dimeric Eg5, like other kinetically characterized dimeric kinesins, is able to maintain the ATPase cycles of its motor domains out of phase to facilitate processive stepping. To begin to dissect the nature of these cooperative interactions, a mechanistic analysis of the individual steps in the ATPase cycle has been employed. Like conventional kinesin (36) (37) (38) (39) , dimeric Eg5 alternates the catalysis of its motor domains to allow for processive movement along the MT. However, dimeric Eg5 is the first kinesin motor found to have its ATPase cycle limited by ATP hydrolysis during a processive run.
EXPERIMENTAL PROCEDURES

Experimental
Conditions-All experiments were performed in ATPase buffer: 20 mM Hepes, pH 7.2 with KOH, 5 mΜ magnesium acetate, 0.1 mΜ EDTA, 0.1 mΜ EGTA, 50 mΜ potassium acetate, 1 mΜ dithiothreitol at room temperature (25 °C) . The listed MT concentrations represent the concentration of αβ-tubulin heterodimer that has been polymerized. Paclitaxel (Taxol) in DMSO was used throughout to stabilize the MT polymer. For experiments in which a MT•Eg5-513 complex was treated with apyrase, the complex was incubated with 0.02 U/ml apyrase (Grade VII, Sigma-Aldrich, St. Louis, M0) for 20 min. Apyrase treatment was performed for 1 hr when Eg5-513 was free in solution because ADP release is slowed significantly in the absence of MTs. Apyrase converts free ADP to AMP + P i . However, the affinity of Eg5-513 for AMP is so weak that apyrase treatment effectively generates a nucleotide-free state for Eg5 (data not shown).
Apyrase treated Eg5-513 was fully active based on MT-binding (34) and steady-state ATP turnover (data not shown).
Expression and Purification-Eg5-513 was expressed in E. coli and purified by MT affinity as described (34) . Concentrations for Eg5-513 are reported as single motor head concentrations.
MantATP Binding-The MT•Eg5 complex was first treated with apyrase to produce the nucleotide-free state of the motor. After treatment the complex was rapidly mixed with racemic mantATP in the KinTek SF2003 stopped-flow (KinTek Corp., Austin, TX), and an increase in fluorescence was monitored (λ ex = 360 nm, λ em = 460 nm, 400 nm longpass filter).
The fluorescence enhancement was biphasic, and the data were best fit to two exponential functions. Experiments were also performed with 3'mant-2'dATP to determine whether the biphasic nature of the transients observed with racemic mantATP was due to the mixture of the 2'-and 3'-mantATP isomers. The kinetics of 3'mant-2'dATP binding were also biphasic and comparable to the kinetics with the racemic mantATP purchased from Invitrogen Molecular Probes (data not shown).
The rate of the observed fluorescence enhancement for the initial exponenetial phase was dependent on the mantATP concentration. These data followed a hyperbolic function (Fig. 1B) , which is indicative of two-step substrate binding with a rapid equilibrium to form the collision complex followed by an isomerization to the species that is competent for ATP hydrolysis. The data in Fig. 1B were fit to Eq. 1,
The second-order rate constant for mantATP binding is equal to K 1 k +1' , and the y-intercept defines the dissociation rate, k -1' . The second phase of the mantATP transients showed a linear increase in rate with an increase in mantATP concentration (Fig.  1C) . These data were fit to the following function,
where k obs is the observed exponential rate of the fluorescence enhancement, k on is the second-order rate constant of nucleotide binding, and k off is the dissociation rate obtained from the y-intercept.
Pulse-Chase Measurement of ATP Binding-Preformed MT•Eg5 complexes were rapidly mixed with MgATP + trace [α 32 P]ATP in the KinTek chemical quench-flow instrument for a set time and chased with an excess of nonradioactive MgATP (10 mM final). The reaction was allowed to proceed for 10 half-lives and quenched with formic acid. [α 32 P]ADP and P i were separated from ATP using thin layer chromatography and quantified using Image Guage V4.0 software (Fuji Photo Film U.S.A.). The individual transients were fit to the burst equation,
where A is the amplitude of the initial burst of product formation on the active site during the first turnover, t is the time in seconds, k b is the rate constant of the exponential burst, and k slow is the rate of subsequent ATP binding events.
Acid-Quench
Experiments-A preformed MT•Eg5 complex was rapidly mixed with MgATP + trace [α 32 P]ATP in the quench-flow. At varying times of incubation, reactions were quenched with 5 M formic acid, and product formation was both resolved and quantified in the same manner as described for the pulse-chase experiments. Single turnover experiments were performed with Eg5-513 active sites in excess of MgATP concentration.
The data from these experiments were fit to a single exponential function.
Phosphate
Release-A solution containing a preformed MT•Eg5 complex and the MDCC labeled phosphate binding protein from E. coli (MDCC-PBP) (38, 40) was rapidly mixed with MgATP in the stoppedflow instrument (λ ex = 425 nm, λ em = 466 nm, 450 nm longpass filter). Final concentrations: 0.5 μΜ Eg5-513, 4 μΜ MTs, 20 μΜ Taxol, 5 μΜ MDCC-PBP, and varying MgATP. In this assay, P i liberated from the hydrolysis of ATP to ADP•P i will be rapidly and tightly bound by the MDCC-PBP, eliciting a fluorescence increase (40) . To remove any P i present in the buffer that is not a result of an enzymatic event, all solutions were supplemented with a "P i Mop" (0.05 U/ml PNPase + 0.5 mM MEG) and incubated at 25 °C for at least 30 min prior to experimentation. The fluorescence amplitude was converted to P i concentration using a KH 2 PO 4 standard curve generated on the day of the experiment (41) . Single turnover experiments were also performed with Eg5-513 active sites in excess of MgATP concentration. A MT•Eg5-513 complex (30 μM Eg5-513, 40 μM MTs, 40 μM Taxol) was treated with apyrase, and the complex was sedimented (Beckman-Coulter Optima TLX Ultracentrifuge, TLA 100 rotor, 100 X g for 30 min) to remove the apyrase, AMP, and P i that partitioned to the supernatant.
The MT pellet was then resuspended in ATPase buffer supplemented with the "P i Mop" and incubated at 25 
where k obs is the rate of the exponential change in turbidity, k assoc is the second-order rate constant of complex formation (k +4 ), and k off is defined by the y-intercept. MantADP Release-Measurements of the rate of ADP release from Eg5-513 triggered by the formation of the MT•Eg5-513 complex were performed by first incubating Eg5-513 with mantADP racemate at a 1:1 stoichiometry.
The Eg5-513•mantADP complexes were subsequently mixed with increasing amounts of MTs + 1 mM MgATP, and a decrease in mantADP fluorescence was monitored (λ ex = 360 nm, λ em = 460 nm, 400 nm longpass filter). The observed exponential rate constants were then fit to a hyperbola.
RESULTS
MantATP Binding-The rate of substrate binding by dimeric Eg5 was pursued by two methods: monitoring the fluorescence enhancement of mantATP binding to Eg5-513 ( Fig. 1) and pulse-chase analysis (Fig. 2) . A preformed MT•Eg5-513 complex was treated with apyrase to remove any ADP that accompanied Eg5-513 through purification, and the resultant nucleotide-free complex was rapidly mixed with mantATP in the stoppedflow instrument. A nucleotide-free MT•Eg5-513 complex was used in these experiments because ADP co-purified with Eg5-513 (34) . The co-purifying ADP has been observed to cause Eg5-513 to partition off of the MT [(34), and Fig. 2C inset] and in essence reduce the number of Eg5-513 active sites that participate in the first mantATP binding event. The transients in Fig. 1A reveal that the fluorescence enhancement promoted by mantATP binding was biphasic with an initial fast phase followed by a slower phase. Because the amplitudes of the first and second phase were approximately equal, the kinetics suggest that the biphasic transients represent mantATP binding to both active sites of dimeric Eg5-513. In contrast, the transients for monomeric Eg5-367 were monophasic and best fit to a single exponential function (30) .
The mantATP binding transients for Eg5-513 were fit to two exponential functions, and both phases showed mantATP concentration dependence. For the initial fast phase, the observed rate of mantATP binding followed a hyperbolic dependence. Deviation from linearity for mantATP binding indicated at least a two-step process with the initial collision being a rapid equilibrium, followed by a rate-limiting conformational change (k +1' ). The fit of the data to Eq. 1 provided the second-order rate constant,
The observed rates of mantATP binding obtained from the second, slower exponential phase were linear as a function of mantATP concentration from 0-50 μM mantATP (Fig. 1C) . These data were fit to Eq. 2 which provided the second-order rate constant of the second phase for mantATP binding at 0.14 μM -1 s -1 . The concentration dependence of both phases suggests that this assay is monitoring two separate nucleotide binding events by two distinct populations, presumably head 1 versus head 2 of the dimeric molecule.
ATP Binding by Pulse-Chase-To determine the kinetics of Eg5-513 binding the natural substrate MgATP, pulse-chase experiments were performed (Fig. 2) . A preformed MT•Eg5-513 complex was rapidly mixed with MgATP + trace [α 32 P]ATP and chased with an excess of unlabeled MgATP. This experimental design ensures that any weakly bound radiolabeled substrate from collision complex formation will be effectively out-competed by cold substrate, and only the formation of an MT•Eg5-513•ATP complex that proceeds through ATP hydrolysis will be monitored. The individual transients ( Fig ( Fig. 2D inset) . As with the mantATP binding experiment, deviation from linearity indicates a two step process with substrate binding limited by a conformational change. The observed rates from both the pulse-chase and mantATP experiments (50 s -1 and 54 s -1 respectively) are in good agreement with each other, suggesting that the experimental approaches were monitoring the same event. Furthermore, the fact that product formation during the first ATP turnover was visible as well as the k +1' being 100-fold faster than steady-state ATP turnover (34) , indicates that ATP binding is a rapid event in the cycle.
Additional information can also be gained from the amplitude of the transients as well as from the rate of the linear phase of the transients. From the burst amplitude data, the percentage of the motor population that is participating in the first ATP turnover can be determined.
In these experiments, the effective motor population is represented only by motor bound to the MT. When Eg5 is free in solution, the ATPase cycle is limited by ADP release at 0.002 s -1 (34) and will not significantly contribute to the observed signal. As evidenced by the inset SDS-PAGE gel in Fig. 2C , not all motor is bound to the MT at the start of the experiment and the effective motor population needs to be corrected for the motor that is free in solution.
After normalizing for the percentage of the motor population that is bound to the MT and therefore able to bind and hydrolyze ATP at the MT-activated rate, 97 ± 5% of motor active sites were competent to bind and hydrolyze ATP during the first turnover. The apparent K d,ATP determined from the burst amplitude data at 57 μM (Fig. 2F) is higher than the apparent K d,ATP determined from the rate of the burst in Fig. 2D at 35 μM. The K d,ATP difference is suggestive that the burst rate is monitoring predominantly head 1 while the burst amplitude data represent both head 1 and head 2.
The rate of the linear phase of the transients represents subsequent ATP turnovers and is therefore enzyme concentration-dependent. The rate of the linear phase must also be corrected for the fraction of motor that is not bound to the MT at the start of the experiment. The observed rate of the linear phase approached k max = 5.7 μM ADP•s -1 with the K 1/2,ATP = 26.7 μM. Considering that only 85-90% of the motor (4.25-4.5 μM out of 5 μM) was bound to the MT under the experimental conditions (Fig.  2C, inset) , the predicted slow step governing subsequent ATP turnover events was 1.27-1.34 s -1 per μM Eg5-513. Acid-Quench Analysis of ATP Hydrolysis-The kinetics of ATP hydrolysis were originally pursued by rapidly mixing a preformed MT•Eg5-513 complex (5 μM Eg5-513, 6 μM MTs) with Mg[α 32 P]ATP in excess of enzyme concentration in the quench-flow instrument. Surprisingly, a burst of product formation during the first ATP turnover was not observed as compared to the pulse-chase transients at the same ATP concentration (Fig.  3, Fig. S1A ). There are several possibilities that can account for this result: (1) ATP binding is rate-limiting, (2) steady-state ATP turnover is fast enough to significantly obscure visualization of the burst phase, (3) co-purifying ADP is occupying the active sites, (4) ATP hydrolysis is the rate-limiting step in the mechanism. The first hypothesis, that the ATP hydrolysis step is limited by ratelimiting substrate binding, must be rejected because ATP binding is a fast step ( Fig. 1-3) .
To address the hypothesis that steadystate ATP turnover is obscuring the burst phase, additional KCl was added to the nucleotide syringe (Fig. S1B) . In the case of conventional kinesin (38, 42, 43) and monomeric Eg5 (30), additional salt was added to the nucleotide syringe to better visualize the burst phase. The additional salt did not have an affect on the first ATP turnover, but was able to lower steady-state by weakening MT•motor interactions and thereby slowing subsequent ATP turnovers, effectively revealing the burst phase. Incorporation of an additional 100 mM KCl (final after mixing) into the MgATP syringe did not permit resolution of a burst of product formation in the case of Eg5-513 (Fig. S1B) .
ADP has been demonstrated to have an effect on the equilibrium of the MT•Eg5-513 complex [ Fig. 2C inset, (34)], and there was the possibility that it could be influencing the experimental readout. Co-purifying ADP was removed by apyrase treatment to ensure that all motor was bound to the MT (34), and there would be no nucleotide to compete with ATP for binding sites at the start of the experiment. A burst of product formation was not observed when the MT•Eg5-513 complex was pretreated with apyrase prior to performing the acid quench experiment (Fig.  S1C) .
The failure to resolve product formation during the first turnover event from subsequent ATP turnovers using numerous experimental designs (Fig. S1 ), in conjunction with ATP binding being a rapid event, implied that ATP hydrolysis may be the rate-limiting step in the cycle.
Single Turnover Analysis of ATP Hydrolysis-A series of single turnover experiments were pursued to test this hypothesis and to determine the intrinsic rate constant of the ATP hydrolysis step (Fig. 4) . With Eg5-513 active sites present in excess of ATP, the observed exponential conversion of ATP to ADP•P i would reflect the intrinsic rate of ATP hydrolysis as long as the rate of substrate binding governed by [E]*k b is faster than the intrinsic rate of ATP hydrolysis.
Experimental conditions at which the observed rate of ATP hydrolysis saturated were not able to be met due to technical difficulties in combining high concentrations of motor and MTs (>50 μM for each). At the highest concentration of MT•Eg5-513 used (45 μM Eg5-513, 50 μM MTs, 1 μM MgATP), the observed rate was 3.3 s -1 . Fig. 4B shows the observed rate of ATP hydrolysis plotted as a function of Eg5-513 concentration, and the fit of the data to a hyperbolic function provided k +2 = 5.4 s -1 . With the high motor concentration used in these experiments, it was a concern that the amount of ADP co-purifying with Eg5-513 was effectively competing with the low concentration of ATP at 1 μΜ. To examine if this hypothesis were true, the MT•Eg5-513 complex was treated with apyrase to remove the co-purifying ADP. The observed rate after apyrase treatment increased slightly for most of the Eg5 concentrations tested, suggesting that co-purifying ADP did have an impact on this experiment (Fig. 4B) . A hyperbolic fit of the nucleotide-free Eg5 data yielded k +2 = 9.6 ± 1.7 s -1 . This rate constant however, may be an overestimation based on analysis by KINSIM (44) and the MT•Eg5 dissociation kinetics (Fig. 6 ) which will be discussed later.
If both Eg5-513 active sites of the dimer bound and hydrolyzed ATP independently of each other, the observed rate should be independent of ATP concentration. An ATP concentration dependence was pursued using single turnover experiments to test for cooperativity between the two motor domains. If the MT•Eg5-513 complexes were mixed with a substrate concentration greater than half the active site concentration such that both head 1 and head 2 bind and hydrolyze ATP, the observed rate of ATP hydrolysis was reduced by almost half (Fig. 4C) . These results provide compelling evidence that the two motor domains hydrolyze ATP in a sequential fashion in these single turnover experiments.
Phosphate Release-If the kinetic step of ATP hydrolysis were the slowest step in the enzymatic cycle, then any step following ATP hydrolysis, such as phosphate release, should be limited by ATP hydrolysis. The rate of phosphate release was first examined by mixing an MT•Eg5-513 complex and MDCC-PBP with ATP in excess of motor concentration (Fig. 5A) .
Under these conditions, product formed in the first turnover could not be separated from subsequent ATP hydrolysis events. As an example (Fig. 5A) (Fig. 5A inset) . These results at 0.5 μΜ Eg5-513 indicate that the slow exponential phase of phosphate release represents six ATP turnovers.
Single turnover experiments were also performed to monitor the first phosphate release event. with an amplitude corresponding to 0.98 μM phosphate (Fig. 5B) . The observed amplitude was in good agreement with the expected amplitude of 1 μM phosphate released from 1 μM ATP. Furthermore, single turnover ATP hydrolysis data of an apyrase-treated MT•Eg5-513 complex at 11 μΜ Eg5-513 predicted ATP hydrolysis at 1.85 s -1 (Fig. 4B) . The observed rate of phosphate release at 1.9 s -1 supports the hypothesis that phosphate release was limited by ATP hydrolysis.
Dissociation of the MT•Eg5-513 Complex-To
evaluate whether Eg5 detachment from the MT occurred following ATP hydrolysis as has been observed for conventional kinesin, Ncd, Kar3, and monomeric Eg5, dissociation of the MT•Eg5-513 complex was explored as a function of various nucleotides and nucleotide analogs (30, 45, 46) .
A preformed MT•Eg5-513 complex was rapidly mixed in the stoppedflow with 2 mM MgAXP or buffer supplemented with salt (100 mM KCl final concentration).
Again, the presence of additional salt does not affect the first ATP turnover but weakens MT•motor interactions such that the dissociated state becomes more predominant (30, 38, 42, 43) . A slight decrease in turbidity was seen in the presence of the nonhydrolyzable ATP analogue AMPPNP and the slowly hydrolysable analogue ATPγS. However, the amplitudes of the transients were quite small and similar to that of buffer, suggesting that the decrease was caused by the presence of the additional KCl and not the nucleotide (Fig 6A) .
In contrast, if the MT•Eg5-513 complex were mixed with either MgATP or MgADP, a dramatic decrease in turbidity was detected. In conjunction, these results further support Eg5-513•ADP as a weak MT binding state and suggest that dissociation occurs, as observed for other kinesin family members, after ATP hydrolysis.
Since dissociation follows ATP hydrolysis, the observed rate of dissociation should not exceed the rate of ATP hydrolysis if hydrolysis were rate-limiting in the pathway. The kinetics of dissociation were explored as a function of MgATP concentration. The individual transients were biphasic with the rate of the initial fast phase extrapolating to 6.6 s -1 with a K 1/2,ATP = 5.4 μM. The slow rate of the second phase did not display an ATP concentration dependence (average k obs = 0.7 s -1 ). Another expectation as a result of dissociation following ATP hydrolysis would be that the dissociation transients would display a lag before the decrease in turbidity because of the time required for ATP binding, ATP hydrolysis, and phosphate release. The presence of such a lag was difficult to detect in the experiments with additional salt in the nucleotide syringe. Therefore, to verify that the dissociation data were indeed measuring a signal attributable to dissociation of the MT•Eg5-513 complex following ATP hydrolysis, Eg5-513 was mixed with MTs + MgATP in the stopped-flow. There was an initial increase in turbidity as expected for motor association with the MT, followed by a lag of ~100 ms, and a biphasic decrease in turbidity. This profile is consistent with MT•Eg5-513 complex formation followed by a lag required for ATP binding, ATP hydrolysis, and P i release prior to Eg5-513 detachment from the MT.
MT•Eg5-513
Association-In addition to examining steps in the mechanochemical cycle of Eg5-513 while it is associated with the MT, experiments were performed to address steps in the cycle leading to MT•Eg5-513 complex formation. Formation of the MT•Eg5-513 complex was measured by monitoring an increase in turbidity when Eg5-513 and MTs were mixed in the stopped-flow. The second-order rate constant of association was measured at k assoc = 2.8 μM -1 s -1 , with an off-rate of k off = 9.7 s -1 (Fig. 7) . These kinetic constants provide an apparent K 1/2,MT = 3.5 μM which is similar to the steady-state K 1/2,MT = 1.8 μM (34). To address the contribution that co-purifying ADP might have on the association kinetics, Eg5-513 was treated with apyrase prior to mixing with MTs in the stopped-flow. After apyrase treatment the second-order rate constant for complex formation was k assoc = 3.2 μM -1 s -1 with an offrate k off = 7.7 s -1 , and the K 1/2,MT = 2.4 μM . These kinetic constants are similar, and the results indicate that the magnitude of k off was not due to the presence of co-purifying ADP.
MantADP Release from Eg5-513-To measure the rate of ADP release with motor collision to the MT, Eg5-513 was first incubated with an equimolar amount of mantADP to exchange bound ADP with the fluorescent analog. Eg5-513•mantADP was then rapidly mixed with MTs plus 1 mM MgATP in the stopped-flow, and the decrease in fluorescence upon mantADP release from the active site was monitored. The addition of non-fluorescent MgATP to the reaction served to diminish the probability that mantADP released to the solution would rebind the motor domain. The resultant fluorescence decrease was biphasic with the initial exponential phase fast.
The microtubule concentration dependence of the observed rate of mantADP release was hyperbolic, with the fit of the data providing k +4 = 28 s -1 and K 1/2,MTs = 3.7 μM (Fig. 8) . The observed rates of the slower phase were also MT concentration dependent, and the fit of the data to a hyperbola provided k max = 0.5 s -1 and K 1/2,MTs = 13 μM (Fig. 8B inset) .
DISCUSSION
This study provides kinetic evidence for the observed processive stepping of dimeric Eg5 (35) . Dimeric Eg5-513 like conventional Kinesin-1 alternates the enzymatic cycles of its motor domains to ensure that one motor domain is tightly bound to the MT while the other detaches to rebind at its next MT site 16 nm away and toward the MT plus end. Dimeric Eg5 also has the striking characteristic of having a rate-limiting catalytic step while MT associated. This result is in direct contrast to what has been observed for the Eg5 monomer (30) and unlike any other kinesin presently published. Therefore, Eg5 is not simply a slower version of conventional Kinesin-1 although both motors step toward MT plus-ends, are processive, and exhibit cooperative interactions.
ATP Hydrolysis is Rate-Limiting for Eg5-513-For monomeric Eg5, the ratelimiting step in the ATPase cycle was proposed to be the coupled step of phosphate release and detachment from the MT (30, 33) . The data presented here suggest that the ratelimiting step for dimeric Eg5 is altered from that of the monomer. A presteady-state burst of product formation was not observed for MT•Eg5-513 for the step of ATP hydrolysis using acid-quench techniques with ATP in excess of Eg5-513 active sites (Fig. 3, S1 ). This result was surprising because all other kinetically characterized kinesin motors have displayed a presteady-state burst of product formation under these conditions. The analysis of ATP binding by pulse-chase or with mantATP indicates that ATP binding is a rapid step in the cycle with the ATPdependent isomerization, k +1' at 50-54 s -1 ( Fig.  1-2 , Table 1 ). In addition, the single turnover acid quench experiments measured ATP hydrolysis at 5-10 s -1 (Fig. 4 , Table 1 ), suggesting that ATP hydrolysis was intrinsically slow and no faster than other steps in the ATPase cycle. This interpretation was supported by the phosphate release kinetics as well as the ATP-promoted dissociation kinetics of the MT•Eg5 complex (Fig. 5-6 , Table 1 ). In both cases, the observed rates were no faster than ATP hydrolysis. These results in combination also indicate that phosphate release occurs as a fast step and while the motor is still associated with the MT.
Steps in the mechanochemical cycle not directly involved with catalysis were also examined. Both Eg5 association with the MT and the subsequent release of mantADP were rapid steps in the cycle (Fig. 7-8 , Table 1 ). At present, dimeric Eg5 is the only MT-based motor to have its ATPase cycle slowed at the catalytic step although the actin-based motor, myosin IXb has recently been reported to have a rate-limiting ATP hydrolysis step as well (47, 48) .
Eg5-513 Displays Alternating-Site Catalysis-For a processive motor, it would be logical to expect an alternating-site mechanism for ATP hydrolysis as observed previously for conventional Kinesin-1 (36-39), and there are multiple lines of evidence that provide support for such a model for Eg5-513. The kinetics of mantATP binding, ATPpromoted MT•Eg5 complex dissociation, Eg5 association with the MT, and mantADP release were all biphasic (Fig. 1,6-8 ). In addition, the single turnover experiments for ATP hydrolysis show that the observed rate decreases by approximately half when both heads of the Eg5 dimer bind and hydrolyze ATP as compared to an experiment in which only one head of the dimer can bind and hydrolyze ATP (Fig. 4C) . Lastly, the pulsechase results reveal two different dissociation equilibrium constants for the ATP concentration dependence of the burst rates as compared to the burst amplitude data (Fig.  2D-E) . The K d,ATP obtained from the burst rate hyperbolic fit was 35 μΜ versus 57 μΜ from the fit of the burst amplitude data. Because the burst amplitude reflected all of the Eg5-513 sites, and the affinity for substrate was seen to be 5-12 μM in the mantATP binding and MT•Eg5-513 complex dissociation experiments, we propose that the maximum burst rate is monitoring predominantly head 1 of the dimer, yet the maximum burst amplitude is monitoring both head 1 and head 2. Although these results taken together are consistent with an alternating-site mechanism for catalysis, the structural transition gating the secondary event is not entirely resolved at this time.
Kinetic Puzzles and Issues of Cooperativity-The kinetic data presented in this study argue for a rate-limiting step of ATP hydrolysis between 5-10 s -1 . This range is acceptable with relation to the predicted steady-state rate of 11.9 s -1 obtained from single molecule studies (35) , but it cannot account for the steady-state k cat of 0.48 s -1 determined by our solution studies (34) . Also, the rate of the linear phase from the pulsechase transients (Fig. 2E ) and the acid quench transients (Fig. S1A) are ~1-1.3 s -1 , and therefore, 2-3 fold faster than the solution steady-state k cat . In fact, the only measured kinetic event that could correspond to the solution k cat is the second phase of mantADP release transients with k obs = 0.5 s -1 (Fig. 8 ). This event does not appear to occur during the first ATP turnover because ATP hydrolysis at 5-10 s -1 followed by a 0.5 s -1 step would be easily detected as a presteady-state exponential burst phase followed the linear phase that would represent the 0.5 s -1 once enzyme concentration was considered. How can we resolve this conundrum?
The experiments to determine the kinetics of ATP binding, ATP hydrolysis, P i release, and motor detachment from the MT all begin with a preformed MT•Eg5 complex. The acid quench experiments showed no presteady-state burst of product formation followed by a slow linear phase, therefore the 0.5-1.3 s -1 gating transition must occur prior to ATP binding.
Furthermore, the single molecule results from Valentine and Fordyce et al. (35) indicate that the rate-limiting step during a processive run must occur significantly faster than 0.5 s -1 and at ~10 s -1 . Only the biphasic mantADP release kinetics showed the 0.5 s -1 gating transition, suggesting that the motor establishes its processive run by colliding with the MT, releasing ADP, followed by a slow conformational change of ~0.5-1.3 s -1 . Once this transition has occurred, then each additional step is limited by ATP hydrolysis until the processive run is ended by the Eg5 motor falling off the MT. In contrast to Kinesin-1, the MT association kinetics for dimeric Eg5 are much slower at 2. , yet once the Eg5 motor begins stepping, then its movement is limited by ATP hydrolysis at ~5-10 s -1 . At this time, we have not dissected the communication from head 1 to head 2 that maintains the two heads out of phase and controls the processive stepping. These cooperativity questions will be resolved through future kinetic studies aimed at the nature of the gating between the two motor domains. μM. B inset, shows the linearity of the data at low substrate concentrations. C, the observed rates of the second exponential phase also display a linear dependence with respect to the mantATP concentration range examined. The data were fit to Eq. 2 which provided an apparent secondorder rate constant of mantATP binding of 0.14 ± 0.01 μM 
